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ABSTRACT  A  densimeter  technique  was used  to make  a  kinetic  analysis  of 
the rate of swelling of human erythrocytes suspended in 1% NaC1 following suc- 
cessive  additions of NH4C1.  Two series of experiments were performed, one in 
the  absence  of and  the  other  in  the  presence  of 6  X  10  -'a  ra  NaHCOs.  An 
analysis of the data using Widdas's equations gave a  family of curves in each 
instance.  When LeFevre's equation was used with a value of ~  =  1.3 isotones, 
a  straight line was obtained with both series of data.  It is concluded that this 
system shows carrier kinetics. 
Jacobs and  Parpart  (1937)  noted that  the permeability of some erythrocytes 
to certain nonelectrolytes was increased in the presence of n-butyl alcohol but 
the permeability  of other  such  systems  was  decreased  by  this  substance. 
Hunter  (1961)  obtained  similar  results  and  was  impressed  by the  fact  that 
with those  systems  in  which  facilitated  diffusion  had  been  demonstrated, 
butanol inhibited.  A  number of authors including Jacobs (1952)  and Davson 
(1964)  have pointed out that  quite  a  few erythrocyte-nonelectrolyte  systems 
appeared  to  represent  cases  of  "privileged"  molecules  whose  permeability 
was  "unusually" high.  After testing a  number  of both privileged  and  "non- 
privileged"  systems  and  finding  that  butanol  always  decreased  the  per- 
meability  of  privileged  systems but increased  the  permeability of nonpriv- 
ilegedsystems, Hunter et al.  (1965)  suggested  the  possibility  that  butanol 
might  enable  one  to  distinguish  between  systems  in  which  only  simple 
diffusion  was  involved  and  those  in  which  facilitated  diffusion was  also  a 
factor. 
The  usual  criteria  for demonstrating  facilitated  diffusion  are:  (a)  carrier 
kinetics,  (b)  counterflow-indueed  flux,  (c)  competitive  inhibition,  and  (d) 
heavy metal inhibition.  In only a few erythroeyte systems have one or more of 
these criteria  been well-established:  human  sugars,  human  glycerol,  human 
amino  acids,  fetus sugars,  and  possibly rabbit  sugars.  Butanol  decreases  the 
permeability in  the first two of these  systems and  the others  have  not been 
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studied. In order to check the validity of the suggestion that butanol always 
inhibits facilitated diffusion, kinetic analyses have been made of several other 
systems.  One  of the  most interesting,  because of its  known importance in 
vertebrate respiration, is the exchange of anions involved in the penetration of 
NH4C1  into erythrocytes. Qualitative data  suggesting nondiffusion kinetics 
and competitive inhibition with  the human-NH4Cl system have been pre- 
TABLE  I 
Calculated values ofF(C, I0, F'(C, V), and F°(C,  V) for successive addition 
of 0.1, 0.2, 0.4, 0.6, and 0.8 ml of 0.555  M NH4C1  (1  M nonelcctrolyte) added 
to 9.9 ml of  cell suspension in 1% Nat1, 
Initial concentration  Final concentration  F°(C, V) 
of  pemetrant  of penetrant  Relative  volume 
(isotonic  units)  (isotonic  units)  of ccU water  A  B  C 
C'  C  v  A~ ~--~ O; F'(C, IO  A, ~--~ .o;g(C, g) 
0  O. 033  O. 98  O. 0001  O. 020  O. 474 
0.99  0.0005  0.055  1.175 
0.033  0.098 
0.098  0.220 
0.220  0.387 
O. 387  O. 583 
0.96  0.0019  0.059  0.409 
0.97  0.0037  O. 108  0.712 
0.98  0.0069  O. 183  1.148 
0.99  0.0128  0.317  1.898 
0.92  0.0068  0.086  0.248 
0.94  0.0174  0.206  0.577 
0.96  0.0345  0.387  1.045 
0.98  0.0689  0.723  1.865 
0.92  0.0553  0.342  0.515 
0.94  0.0998  0.600  0.884 
0.96  0,1687  0.984  1.416 
0.98  0.2984  1.681  2.351 
0.92  0.1717  0.659  0.624 
0.94  0.2963  1.117  1.044 
0.96  0.4855  1.800  1.657 
0.98  0.8298  3.011  2.722 
sented (Hunter, 1967). Jacobs (1940)  has proposed that this substance crosses 
the erythrocyte membrane in two steps.  First there is a  rapid crossing of the 
membrane by molecules of NH3 which is followed by an exchange of C1- for 
OH- or HCO; if it is present. The role of carbonic anhydrase in the latter 
case was clearly demonstrated (Jacobs and Stewart, 1942). 
MATERIALS  AND  METHODS 
Human blood was obtained by venipuncture and heparinized,  and was used imme- 
diately or after having been in the refrigerator no more than 3 days. The blood was F.  R.  HUNTER  ~rythrocyte Permeability to NHiCI  58~ 
centrifuged (about 1,000 g). The supernatant fluid and buffy layer were removed by 
aspiration and  the cells were then washed three times in unbuffered  1% NaC1.  An 
aliquot (0.05-0.1  ml) of these cells was suspended in  1% NaCl in the chamber of a 
densimeter  (Hunter,  1960).  The  rate  of swelling was  measured  at  31°C  4- 0.5°C 
following the addition of a  small volume of concentrated NHICI in  1% NaC1.  Tris 
buffer was used  (6.05 g  Tris -4- 3.45 ml concentrated HCI per liter) in all the solu- 
tions following the initial washing of the cells to give a  pH of 7.5.  The NH4C1 was 
added  by syringe to  avoid possible  effects of CO2 in  the  breath when pipettes are 
used.  In one series of experiments,  the NaCI contained 6  X  10  4  M NaHCO~.  In a 
second series,  no bicarbonate was present. 
The analysis of the kinetics follows that  of Widdas  (1954)  and  LeFevre  (1961). 
~!  ;f-£?-ti ~-f  #-H11 / //-I H H (t t-]:~-f I t I[ I t f f:I.t. 
~tz'II!IItlttI!ttlZL/fIiI~H_tIflZIt~/.tttftltttXt~ 
~\-~'{\\ \ \ \ \ 
FIGURE 1.  Swelling of human erythrocytes in  1% NaG1  +  6  X  10  -4 M NaHCO3 (pH 
7.5) following successive additions of 0.555 M  NH4C1. The numbers below each curve indi- 
cate the volume (milliliters)  of penetrant added in each case. Amplifier setting changed 
at the end of all but the first curve, which accounts for the downward deflection of the 
pen. 
Calculations were made for the following system.  To 9.9 ml of cell suspension in  1% 
NaCI  in the chamber of the densimeter were added  successively 0.1  ml,  0.2  ml,  0.4 
ml, 0.6  ml, and 0.8 ml  of 0.555 M NH4C1  (equivalent to  1 ~  nonelectrolyte).  Follow- 
ing Widdas's  analysis  beginning with the basic equation 
~=K  C  ~-  ¢,  S/V ¥  " 
calculations were made for the two extreme cases: when  6  is large  (diffusion type), 
F(C,  V)  =  kt  =  C'  J¢-  1  --  (1  +  C)V-}-  (1  +  C)  In 
and when ~ is small (near-saturation carrier type), 
f(C,  V) 
C  --  C ~ 
(~  -  D(1  +  c) 
=  k't  =  c(l  +  c)  C' +  l  -  (l  +  C)V +  Cln  (l  C  ' 582  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  51  •  1968 
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FmtrRE 2.  Data  from  a  single experiment 
demonstrating the linearity in response of the 
densimeter.  Abscissa,  calculated  volume  of 
cell  water  (1.00  =  volume  in  isotonic 
medium). Ordinate, deflection (millimeters) 
of pen as measured on the record. 
in which C' is the initial concentration and C is the concentration following the  addi- 
tion of more penetrant.  The  results of these calculations are  included in Table  I. 
Using  LeFevre's  (1961)  equation which  includes both  of Widdas's  limiting  con- 
ditions 
F°(C,V)  =  k°t  =  (C+  1)(C+¢~) 
{  l -vj'- 
•  (C+¢+I)(Vo-V)+(C+~)h~  1 
n 
2.0 
x  o 
1.5 
>- 1.0 
it 
0.5 
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F1otrme 3.  Average values of times to reach specified volumes as measured from experi- 
mental records plotted against calculated values of F(G,V). Five successive aliquots of 0.1, 
0.2, 0.4, 0.6, and 0.8 ml of 0.555 M NH4C1 were added to 9.9 rul of a suspension  of human 
erythrocytes in 1% NaCI +  6  X  10  4  M NaHCO3. Filled circles, C r  =  0, C  =  0.033; X  - 
C t  =  0.033, C  =  0.098; open circles, C t  =  0.098,  C  -  0.220; open squares, C r  =  0.220, 
C  =  0.387; open triangles, C r  =  0.387, C  =  0.583 isotones. The symbols have the same 
significance in all subsequent graphs. Time scale, 0-4 rain. F.  R.  HlmaxR  Erythroeyte  Permeability to NH4Cl  583 
since 
Vo_]  +C '  1 +  C  (numerically), 
~'"(c,  v)  =  k°t =  (c +  ~) {(c'  +  l)(C +  ¢  +  1) 
--  (C+  1)(C+¢-t-  1)V+  (C+  1)(C+¢)ln 
C  -  C t 
(l  _  V~(~Sc  I): 
(LeFevre)) 
When the  appropriate  substitutions are made for C', C, and  V,  this  assumes the 
form: 
F°(c, v)  =  .4  +  Be +  C~. 
As ¢  approaches infinity, the A and B terms are negligible  in comparison with C 
and as ~ approaches zero,  the B and C terms are negligible  in  comparison with A. 
Thus, for these two extremes,  C  is  equivalent to F(C,  lO  and A to F'(C,  V).  The 
calculated values of A, B,  and C for the present case are included in Table I. 
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FIOUl~ 4.  Same  data as in Fig. 3  plotted 
against F' (C, V). Time scale,  0-4 min. 
RESULTS 
Typical data  obtained in  the first series  of experiments with  NaHCO8  are 
presented in Fig.  1. The first two additions (0.1  and 0.2 ml) of NH4C1 were 
made without any change in the apparatus. Before adding the 0.4,  0.6,  and 
0.8 ml, the setting on the amplifier was changed to move the pen on the paper 
so that the record could be obtained. In most cases, the diluting effect, which 
moves the pen upward,  is slightly greater than  the  initial  rapid  shrinking 
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(downward movement of the pen) resulting from the addition of the hyper- 
tonic solution. The linearity in the response of the densimeter was checked in 
another series of experiments as can be seen in Fig. 2. This shows the relation 
between calculated minimum volumes and measured deflections when 0.06, 
0.08,  0.10,  and 0.12  ml of a  5  M NI-I4C1 in  1%  NaCI  were added to  9.94, 
% 
2 /  d] 
o  i  2 
TIME IN MINUTES 
FiotraE  5.  Same  data  in  Fig.  3  plotted 
against F°(C, V). ~  =  1.3.  Time  scale, 0-4 
rain. 
9.92, 9.90, and 9.88 ml of cdl suspension, respectively. In the present series of 
experiments,  there appears  to  be a  slight  deviation from linearity with  the 
larger volume changes as indicated by the following average values of volume 
units per millimeter (considering the isotonic volume equal to  100):  0.1  ml 
i  ,  ::::  ........................... 
,~i.:,  i  i 4~-d i  i.~-,  ,  ,  ,*TT~,,-,-~"~-zD7tl 
.-3..tY:f;-i~~~.t~~tA;i  t l~.t.t.tti 
/e:ltr~ \-ti~  \ \ ~i:~-,;v4  '~4'c  .:xt!k-L~-~'i~-~  \tii'{\:\ k2-~. 
FtGtn~ 6.  Typical  records  si- 
milar to those in Fig. 1 but in the 
absence  of  bicarbonate. 
NH4CI added, 0.27; 0.2 ml, 0.29; 0.4,  0.27; 0.6 ml, 0.21; 0.8 ml, 0.19.  This 
introduces an error which may account for the deviation of the larger values 
of times as shown in the following figures. 
With curves such as those shown in Fig.  1, the total deflection was measured 
and  since the calculated volume change was known,  the volume units  per 
millimeter could be calculated. The appropriate volumes were then marked on 
the  curves  and  the  times  to  reach  these volumes were measured.  Average 
values for the series of experiments were then calculated and the average times 
were plotted against F(C, V), Fig. 3; F'  (C,  V), Fig. 4;  and F ° (C,  V), Fig. 5. 
It can be seen in Fig. 3 that a family of straight lines is obtained which would 
indicate  that  diffusion kinetics were not  being followed.  Another family of 
curves was  obtained  when saturated  carrier kinetics were used  (Fig.  4).  It F.  R.  Hlm~ZR  Erythrocyte Pwraeability to NH4CI  585 
should be noted that there is a  reversal in the order of the symbols in the two 
figures suggesting the possibility of a fit to a straight line at some intermediate 
assumption  (regarding the value of ~). 
To plot the data as shown in Fig.  5,  experimental values of t and  V were 
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FzGtrms 7.  Comparable  to  Fig.  3  but in  the 
absence of bicarbonate. Time scale, 0-8 min. 
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FIOURE 8.  Comparable to Fig. 4 but in the 
absence of bicarbonate. Time scale, 0-8 rain. 
used to calculate values of ~  by solving two of the equations simultaneously. 
Rather than make all the possible combinations of pairs of equations to solve 
simultaneously, only a small number were used to obtain an idea of the order 
of magnitude of ~. Such calculations gave a tentative value, O~  =  2.6. The plot 
was made using this value and the fit to a  straight line was fairly good.  By 586  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  •  VOLUME  5I  I968 
successive approximations it was then found that a better fit to a straight line 
was  obtained  when the value ~  =  1.3  was  used  (Fig.  5).  Typical  swelling 
curves for the second series of experiments in the absence of bicarbonate can 
be  seen in  Fig.  6.  It will  be noted  that  in  the absence of bicarbonate,  the 
swelling is considerably slower than in the first series of experiments. 
The first three additions of NH4C1 were made without changes in the setting 
of the amplifier.  Before each of the last two additions  (0.6 and 0.8 ml),  the 
setting of the amplifier was changed so that the whole curve could be recorded. 
Average times obtained by measuring the curves as previously indicated are 
plotted against F(C,  V),  Fig.  7; F' (C,  V),  Fig.  8; and F ° (C,  V),  Fig.  9.  The 
value 4,  =  1.3 was again used in Fig. 9. 
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FIGtmE 9.  Comparable to Fig.  5 but in the 
absence of bicarbonate. Time scale, 0-8 min. 
As was true in the previous case, families of curves resulted from the F  and 
F'  plots but a  reasonably good fit to a  straight line was obtained in the F ° 
plot. 
DISCUSSION 
The  studies  by  Dr.  Jacobs  and  his  collaborators,  previously  mentioned, 
clearly indicate that the movement of NH~CI across the red cell membrane is 
a complex phenomenon. With the movement of both molecules and ions and 
with  the involvement of the enzyme, carbonic  anhydrase,  it  would not  be 
surprising if the kinetics of this system were not those of simple diffusion. On 
the basis of other observations in the literature, Davson  (1964) has suggested 
that  perhaps  the  rapid  exchange of C1-  for  HCO~  across  the  erythrocyte 
membrane should be considered as another example of privileged permeability. 
The fact that a family of curves is obtained using Widdas's equations for the 
two extreme cases demonstrates that the kinetics of this system, both with and 
without bicarbonate, are neither those of simple diffusion nor of a  saturated 
carrier operation. 
The  straight  line  obtained  using  the  more general form of the equation F.  R.  HUNTER  Erythrocyte Permeability to NH4Cl  587 
shows  that  kinetics  of this  system  are  those  of a  carrier  mechanism  with a  4~ 
value  on  the order  of magnitude  of 1  isotone. 
The author is deeply indebted to Dr. Paul G. LeFevre who collaborated by (a) suggesting the use of 
his more general equation and changing it to its present form to conform to that used by Widdas, 
(b) analyzing in detail data sent by the author, and (c) critically reading the present manuscript. 
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